We propose a joint channel selection and quality aware routing scheme for multi-channel 1 wireless sensor networks that apply asynchronous duty cycling to conserve energy, which is 
performs channel selection and routing together for improving the battery lifetime in WSNs, which is 131 the main contribution of this paper. Furthermore, DRCS is distributed, can be applied without time 132 synchronization, and requires a single transceiver per node. mode. This explains the need for minimizing radio active periods for achieving energy efficiency. i.e. receiving packets that are intended for other nodes in the neighborhood.
142
The effect of overhearing is illustrated in Figure 1 , which depicts an experiment using six MICAz Consequently, a mechanism to optimally distribute the network traffic over multiple channels would 153 lead to reduction in overhearing and significant improvement in the lifetime of the network.
154
In addition to reducing overhearing, a second consideration for improving the network lifetime 155 is to address the effect of differential battery drainage among the nodes. This is motivated by 156 experimental observations from a real-life WSN that was developed by the authors for monitoring the health of equipment in a power substation. The project, sponsored by EPRI, was initiated in Zone-D Zone-C Zone-B Zone-A Zone B. In addition, nodes from Zone C also experience higher amount of overhearing traffic. This 167 type of energy imbalance ultimately results Zone C nodes dying earlier than the ones in other zones 168 which will collectively result in network partitioning and decrease in the lifetime of the network.
169
Consequently, it is important that in addition to addressing the overhearing problem, the routing and 
Multi-Channel Routing in WSNs

173
In data collecting wireless sensor networks the forwarding scheme follows a tree structure 174 connecting the nodes to the sink. With single-channel operation, a node overhears all nodes that 175 are in the receiving range of that node. Our first objective is to use a multi-channel tree so that 176 the overhearing problem is reduced. We proposed a multi-channel scheme in which the available builds the framework for dynamic route and channel selection to achieve load balancing, which is 185 designed to meet our second objective of lifetime equalization. 
Preliminaries
187
We define the battery health-metric H of a node to represent its remaining battery lifetime, i.e. the , where T D is the data interval. η P represents the number of times 198 that a node wakes per second to check whether the channel is busy, and is set to 8 in our application.
199
We assume that each node is able to estimate all the dynamic parameters that are used in equation (1),
200
by periodic assessment of its overheard and forwarded traffic.
201
In this work, we assume that the battery capacity B is estimated from the battery voltage. We coalitions, and a value for each coalition. The outcome of this game should be an optimal coalition 230 structure generation such that possible gains are fairly distributed among the players.
231
Our multi-channel allocation problem is identical to the coalition structure generation problem 232 by assuming the sensor nodes as agent set N and the assignment of the orthogonal channels to 233 the sensor nodes as a coalition structure. Thus the problem boils down to find out the optimal 234 allocation of channels to the sensor nodes, to maximize the social utility. As the optimal coalition  All nodes are on same channel  Runs CTP, choose receiver channel  Nodes switch to their receiver channel  Change transmit channel dynamically 0 τ time Figure 6 . The proposed channel selection scheme in DRCS criteria requires no packet loss. This is hard to obtain in lossy wireless networks. Third, such a game 245 theoretic scheme is suitable for static environments. In a rechargeable sensor networks, due to the 246 varying energy availability, such coalition formation game needs to be repeated to take into account 247 the network dynamics which is onerous in terms of additional information exchange. Fourth, the 248 assignment will be repeated again if some nodes will join or leave the network, which is common in 249 a rechargeable environment. To cope with this, we propose a completely distributed and dynamic 250 routing and channel assignment scheme in this section. 
Proposed DRCS scheme
252
The proposed distributed channel selection and routing scheme DRCS for single-radio WSNs
253
distributes transmission over multiple channels to dynamically adapt the current consumption in the 254 nodes so that their remaining lifetimes are balanced. This extends the overall lifetime of the network.
255
We define the receiver channel of a node to be its designated channel for receiving all incoming packets. On the other hand, a transmit channel is the channel to which a node 257 switches temporarily to transmit, which is the receiver channel of 
271
As shown in Figure 6 , the channel selection scheme in DRCS runs in two stages, which is 272 described below. We assume that all nodes broadcast periodic beacon messages, which include 273 their node ID, their receiver channel, the ETX value, and their battery health-metrices. 
295
The routing and channel selection scheme should ensure that new nodes that are added to the 296 network at any time are able to connect to the network and send informations to the sink. In our 297 proposed scheme, this is ensured by sending the beacon messages in different channels in rotation.
298
Hence, a new node is always able to receive beacons from its neighbors and can connect to the 299 network, irrespective of its initial choice of a default channel. 
Key Characteristics of DRCS
301
The proposed routing and channel selection scheme has several desirable characteristics that are battery condition of any node deteriorates, the value of its health-metric will drop. This will result in a 305 lower probability of selection of that node's channel by its neighboring nodes for DATA transmission,
306
resulting in reducing its current consumption.
307
Load balancing between nodes: If a node's load increases, its I will increase, causing its health-metric 308 to decrease. This will cause that node's channel to be chosen with lower probability in the next RUI.
309
Also after choosing the transmit channel, a parent is chosen based on the lowest ETX. Thus, if a parent 310 is overloaded, its ETX will increase, resulting in other nodes to avoid selecting that node.
311
Load balancing between channels: If a channel is overused, the forwarding and overhearing traffic on 312 that channel will increase. This will decrease the health-metric of the nodes in that channel. Thus,
313
that channel is avoided in the next RUIs with higher probability.
314
Route quality: The ETX value quantifies the quality of a route. The route quality is important as bad 315 routes result in higher retransmissions, which reduce the network lifetime.
316
Channel quality: DRCS favors selection of channels with better quality, i.e. lower interference, as 317 follows. A high level of channel interference will result in higher number of retransmissions and 318 overhearing on that channel, causing the health-metrices of the nodes on that channel to reduce.
319
Consequently, the corresponding channel will be chosen with lower probability in the next RUIs.
320
The proposed scheme does not incur any additional control overhead other than periodic beacon Table 1 . 
Evaluation in an experimental testbed
339
We implement our proposed scheme DRCS in TinyOS using MICAz motes that use packets received at the sink drops only marginally with increasing number of channels, even with 348 no retransmissions. This implies that the packet delivery performance is not affected by channel 349 switching in these data-rates. However, there is a significant reduction in the total number of 350 overhearing packets by using 2 and 4 channels. With just 2 channels, the overhearing is reduced to 
Simulation Results
366
We conduct simulations to evaluate the performance of our proposed scheme in a larger network then at least k − n channels will be unused, since there will be at most n sub-trees in the network. On 394 the other hand, nodes on the same sub-tree in DRCS may use multiple channels, thereby improving 395 channel utilization. Also in case of TMCP, the parent and channel assignments are static. These do 396 not change even with variations of congestion and link quality. These result in poor route quality that 397 leads to higher packet loss, retransmissions, and overhearing. Moreover, the channel quality may 398 vary over time, which requires a dynamic protocol. It is also observed that the benefits of multiple 399 channels drops with increasing number of channels and is not significant beyond 6 channels. 
Conclusions
401
In this paper, we consider a data collecting WSN under data collection traffic and asynchronous 402 duty-cycling. The fundamental challenge of such networks is the energy consumption due to overhearing which drastically reduces the network lifetime. We propose a scheme for building a 404 multi-channel tree in data gathering wireless sensor networks to alleviate this issue. 
